ABSTRACT Landslides induced by rainfall frequently happen in South-western China where steep slopes, loess plateau occur. Thus, it is empirical to build the early warning system to evaluate the potential of landslide hazards. However, current researches mostly focus the static model on displacement prediction. The landslide is a nonlinear hazard characterized by dynamic features. Therefore, the dynamic model should be investigated to more precisely predict the displacement associated with the landslide. In this paper, Laowuji Landslide is adopted to investigate the dynamic failure mode. The displacement of the Laowuji landslide contains the trend and periodic component. The trend component is predicted by the empirical mode decomposition and the periodic component is predicted by the long short-term memory (LSTM) method. Model's input includes multiple factors of geological conditions, rainfall intensity, and human activities. The measured data and the predicted data show good consistency. In addition, the predicted results of the periodic component show that the performance of the LSTM has good characteristics of dynamic feature. Compared with a traditional mechanical model, the hybrid model is more powerful to predict the landslide displacement triggered by multiplying factors.
I. INTRODUCTION
Landslides triggered by rainfall, irrigation and other water pore pressure increase have been widely reported worldwide [1] - [4] . These natural disasters result in a huge economic losses and pose a great threaten to safety [1] , [3] , [5] - [9] . Particularly, in South-Western China, the geological features are often associated with high mountain area, where more steep slope, loess plateau occur [10] . Due to the intense rainfall in summer than other Chinese places, these places are prone to suffer from landslide. On the other hand, human activities, such as mining, geoengineering could redistribute the balanced stress state, thus dynamically leading to landslides [11] - [13] . This phenomenon has been commonly happened in South-western China for the high basis construction speed and complex geological. Chinese government has been paid a large number of funds to solve the landslides induced village migration, basis destroy and casualties [10] , [14] - [19] . However, there are few literatures addressed the details of landslides in South-Western China. Thus, it is of considerable significance to investigate the landslides in South-Western China induced by dynamic features.
Recently, there are an increase of researchers on the application of artificial intelligence methods in the engineering cases. For example, some researchers use the neural fuzzy inference model to build a predictable model and use particle swarm optimization to optimize the predictable model in landslides [20] , [21] . For the aspect on displacement predicting of landsides, a new hybrid model with least squares support vector machines (LSSVM) and double exponential smoothing (DES) was proposed to calculate displacement of multifactor-induced landslides [22] . The multigene genetic programming with separable functional network (MGGPSFN) was applied to predict the landslide displacement [23] . The interaction of different factors inducing the landslide was investigated by so-called ensemble of extreme learning machine (E-ELM) [24] .
However, the displacement of landsides is variable with time. The Prediction on the landslide displacement should consider the comprehensive accumulation of variable with time. LSTM was proposed by Hochreiter and Schmidhuber to investigate the information varied with time, thus it is more suitable to investigate the dynamic aspect on the rainfall induced displacement [25] - [28] . This method has been applied to solve the engineering project, such as in speech recognition [27] , [28] . The advantages of LSTM are to avoid long-term dependency problems compared with the recurrent neural network (RNN). The RNN has only one simple structure, and it cannot make the best use of long-term information in training due to lose some key information. LSTM has the same structure as RNN, but it has some differences on the aspect on recurrent modules. Unlike a traditional neural network method, there are 4 layers that interact in a special way in order to deal with the long-term dependency problems.
Laowuji [29] landslide is located in Laowuji, Yandi Village, E'ling Office, Panxian, Guizhou province, China. On September 30th, 2015, deformation was dynamically accelerated in this landslide body where the end area experienced the arc fracture development while the front area witnessed the compressional uplift of south ring road. Due to the poor stability of this area, whole sliding would be more likely to occur. Laowuji landslide posed a direct threat to, the passersby and vehicles of the South Ring road in Yinjiang County and damage eight houses in Yandi Village. It was ,an urgent situation with the non-linear characteristic. In order to predict the dynamic landslide displacement, the LSTM model is applied to evaluate the dynamic characteristics with time domain. Based on the geological conditions and human activities in the landslide area, the influencing factors are assessed to get the displacement prediction. Then the one-year measured total displacement is compared with the prediction results to verify the model employed. 
II. BACKGROUND OF LSTM MODEL
As shown in FIGURE 1, the key of LSTM is the state of the whole cell (the green box represents a cell), inc which the horizontal line cross the cell plays the role of computation. The information state in cell goes directly across the chain, in which there are a few linear interactions to keep the information going easily. The advantages on using the horizontal line is to add or delete information directly. Thus, the information can be selectively allowed to pass and be used with a sigmoid neuron layer or a point-by-point multiplication operation. The outputs of values in each layer are of 0 or 1.0 represents 'no quantity is allowed to pass' and 1 represents 'any quantity is allowed to pass' LSTM has three gates to protect and control cell status:
Forget Gate: Firstly, LSTM in this section is to calculate what information will be abandoned from the cell state. This decision is made by a layer named forget Gate. The gate can get the h t−1 and x t outputs with value of zero or one in the cell state of C t−1 . One represents 'complete reservation' and zero represents 'complete abandonment'.
Input Gate: This step is to calculate how much new information should be added into this cell state. There are two steps to achieve the goals: at first, the 'input gate layer' with a sigmoid function should be used to calculate the information needed to updated;, then a thin layer should be used to generate a vector, in which the alternative content of C t−1 can be updated. In all, the status of the cell are updated by combining these two steps. We multiply the old state C t−1 with f t . note that the f t is the information needed to discard. Then the C t−1 update to C t . The equation of f t . C t−1 , C t are as follows, respectively.
where, h t−1 is output of previous block, x t is input vector, σ is sigmoid function, W f is coefficient matrix for f t and i t , b f is bias for f t , b i is bias for i t , W C is coefficient matrix for C t , b C is bias for C t , C t−1 is memory from previous block, C t is memory from current block. Output gate: Ultimately, the output values should be determined. This outputs rely on the cell status,. It is a filtered version. At first, a sigmoid function is calculated to decide which section of the cell is exported. Next, the cell state is selected through thin part and multiply them with the output of the sigmoid function.
where, W o is coefficient matrix for o t , b o is bias for o t , h t is output of current block. The input layer has three inputs, the hidden layer has 10 neurons, and the output layer predicts a value. The activation function is iterated 100 times with sigmoid. The batch size loss function is Full Batch Learning loss function and cross-entropy.
where T is the period time, y i is sample data, h t is output of LSTM. Through investigation and monitoring, it was found that the landslide was in continuous deformation, which showed that the landslide was at the stage of development and deformation, and it was more likely to occur the whole sliding under rainfall and other conditions. The deformation of landslide had been profession-ally measured from January 2016 to November 2016. Seven monitoring points named from JC1 to JC7 shown in FIGURE 4 were set to measure the deformation of this landslide.
During the period of the monitoring, the deformation of each monitoring point was observed once a day in consideration of the safety of the construction personnel and passersby pedestrians and vehicles. During the monitoring process, the monitoring and early warning report were submitted to the relevant project units when the monitoring points on the landslide were all displaced and one third of the monitoring points of the total horizontal displacement exceeded 500 mm or the one third of the monitoring points of total vertical displacements exceeds 200 mm.
B. THE INFLUENCING FACTORS SELECTION
The key factors for landslide displacement prediction can be considered as the subject and object factors: natural factors VOLUME 7, 2019 and human activities. The natural factors contain the geological conditions of the landslide area, such as the slope angle, the lithology focused on mechanical properties of the different rocks shown in TABLE 1, lithology including loose rocks and soft rocks. In addition, the rainfall is a vital factor to determine the possibility of the landslide. Many case studies show the intensity of rainfall can increase the possibility of the landslide [2] , [8] , [30] , thus it is selected as a dynamic factor to influence the displacement of the landslide. The human activities, such as the excavation on the landslide area, can make the redistribution of field stress, thus aggravate the speed of the landslide. Other human engineering activities in the landslide include land use or land cover, road repair, engineering construction activities. Due to the expansion of the South Ring road, the slope front foot of the landslide formed a high steep free face of 5-25 m. Recently, a gas station was built on the left front edge of the landslide, with a high and steep surface of about 30 m. The artificial excavation of slope foot reduced the anti-sliding force of landslide. It is the main factor inducing landslide deformation. According to the statistics of annual precipitation of the county meteorological bureau, the average annual precipitation of the whole county is 1100mm, and the annual variation is relatively large, with a maximum of 1356.77mm in 1983 and a minimum of 897.4mm in 1988. Precipitation is also not uneven in spatial and temporal distribution. Precipitation in the rainy season (from April to August) accumulates 738.99mm, accounting for 68.52% of annual precipitation. The accumulated precipitation in the horizontal period (September to October) is 178.89 mm, accounting for 16.57% of the annual precipitation. The accumulated precipitation in the dry season (November -march of the following year) is 161.63mm, accounting for 14.97% of annual precipitation, as shown in FIGURE 2. The data shows that the maximum precipitation in the 24 hours from 1959 to 1998 was 179.4mm, of which the occurrence frequency of precipitation greater than 100mm was 26.47%, the occurrence frequency greater than 80mm was 50%, and the occurrence frequency greater than 50mm was 80%. Rainfall mainly occurred from May to August, accounting for 82.35% of the whole year. In FIGURE 5, it is clear that the intensity of rainfall can increase the landside displacement, thus the rainfall is a vital dynamic factor to determine the displacement of landslide. Table 2 are calculated to find out the ratio on the importance of the triggering factors. The calculation method of PC and MI can be referred to the literature [30] .
C. DATA PROCESS
As shown in FIGURE 6, the process of the prediction on the displacement are as follows:
(1) Firstly, the measured total displacement should be decomposed into the static component namely displacement and the dynamic component namely periodic displacement. (2) The prediction on static component is largely dependent on the trend part in the total displacement. It is predicted by the traditional method namely the Empirical Mode Decomposition (EMD).
(3) The periodic part is dependent on the dynamic factors largely corresponded to time, thus the LSTM are used to predict the dynamic displacement. (4) The predicted total displacement is calculated by predicted static displacement and the dynamic displacement, then compared with the monitoring results of the total displacements, the validation on the model can be estimated. There are 1-year period measured data of total displacement. Thus, the whole data can be divided into the training dataset (70%) and the validation data (30%).
IV. RESULTS AND DISCUSSION
One-year measured data collected from the JC1 to JC8, which were obtained from January 2016 to December 2016, are employed in this novel method. The collected data from January 2016 and August 2016 are as a training data, and the rest part is as the test data.
The horizontal displacement and vertical displacement of each monitoring point are measured. As shown in Fig. 9 , the deformation monitoring point JC6 is located on the roof of residential buildings which were not affected by landslide area. JC6 had been observed for 52 periods since construction. The total horizontal displacement was 1.19 mm, the total vertical displacement was 4.08 mm, and the displacement was very small. Six monitoring points, JC1, JC2, JC3, JC4, JC5 and JC7, were covered over the landslide area. A total of 53 periods of data had been observed since the construction. JC8 had been observed since January 30, 2016, and 33 periods of data have been observed so far. Some of them had not been observed for several periods because of vegetation cover and other reasons. From the horizontal displacement and vertical displacement table of each monitoring point, it can be seen that the total displacement of monitoring points occurred slowly during the construction period, and the displacement speed was relatively uniform. Although the horizontal displacement and vertical displacement of each monitoring point change a little bit, but did not exceed the landslide warning value.
So far, the maximum horizontal displacement of the landslide observation point is JC2 point, the displacement is 138.54 mm, the maximum vertical displacement is JC7 point, the displacement is 98.21-113.49 mm. Although the displacement was large, the displacement of each point had not reached the warning value. The landslide had been sliding slowly during the construction. However, it is a potential hazard if no warning system built and the precise prediction of the trend component and, especially the periodic components.
A. TREND COMPONENT PREDICTION
The trend displacements of monitoring JC2, JC4, JC6 and JC8 are predicted by the traditional static method. As shown in FIGURE 7, the four set of the results obtained using the measured data have a smaller mean error compared with the simulated results. This indicates outputs based on the simulated results by the empirical mode decomposition (EMD) are reasonable. From the point view of the mechanical aspect, the monitoring results of JC2 and JC8 are larger than the results of JC4 and JC6. This is largely because the excavation area of gas station is near the monitoring points of JC2 and JC8, thus the stress redistribution is a big influencing factor to determine the trend displacement. While the rainfall intensity is not considerable compared with the excavation.
B. PERIODIC COMPONENT PREDICTION
The predicted periodic results and the measured results are presented in FIGURE 8. The performance of LSTM is good at the dynamic prediction. It is obvious in FIGURE 8 that the periodic displacement of JC2 in the period of May 2016 to August 2016 and JC8 in the period of July 2016 to September 2016 have a sharp increase to the peak value whereas the results of other two monitoring points are flat. This indicates that the excavation is the most important factor to determine the periodic displacement. The rainfall intensity is another dynamic factor to affect the periodic displacement. From the results of JC2, the periodic displacement sharply increases during the period from May 2016 to August 2016. It is well corresponded to the heavy intensity time. 
C. TOTAL DISPLACEMENT PREDICTION
The total predicted displacement is shown in FIGURE 9. The discrepancy of measured results and the predicted results shows that the great consistency between the predicted and the measured displacement. Note that the horizontal and vertical displacements of JC2, JC4, JC6 and JC8 were measured and predicted. FIGURE 9 also shows that the excavation and rainfall are the two important factors of the total displacement.
LSTM method has some advantage on dynamic prediction, therefore it is a good choice for landslide displacement predictions.
V. CONCLUSIONS
Landslide induced rainfall is a typical dynamic problem in South-west China. The LSTM method is applied to solve the problem of the multiple factors on landslide displacements in the Laowuji landslide. As a deep learning method, this method shows the priority on dynamic prediction of periodic displacement. The comparison on the prediction and the measured deformation demonstrates that the influences of landslide-triggering factors of excavation and rainfall plays a very important factor to determine the displacement. The predicted results and the monitoring results shows the good consistency, which indicates the LSTM method is better in dynamic prediction than other models. The rainfall intensity and the excavation induced stress redistribution are the two crucial influencing factors in the periodic deformation. The measured and predicted results of deformation shows the good consistency. These results suggest that rainfall and the excavation are the most important of the multiple factors that can cause the deformation of the Laowuji landslide, especially the dynamic aspect. The LSTM model and the idea can give a promising way to develop the landslide warning system more efficiently and precisely on site.
